Rationale: A major barrier to a more complete understanding of acute respiratory distress syndrome (ARDS) pathophysiology is the inability to sample the distal airspace of patients with ARDS. The heat moisture exchanger (HME) filter is an inline bacteriostatic sponge that collects exhaled moisture from the lungs of mechanically ventilated patients.
drawbacks. BAL fluid (5) can be difficult to obtain, is not practical for serial collections, and introduces an unknown dilution factor to measured analytes. The direct aspiration of undiluted pulmonary edema fluid (EF) is possible (6, 7) , but is only feasible early in the disease course and only in patients with the most severe pulmonary edema. Exhaled breath condensate may be useful for characterizing the airspace (8) , but current collection equipment is costly, sample volume is limited, and collection is labor-intensive. Identification of a simple, noninvasive way to accurately sample the distal airspace in patients with ARDS would be a major advance for studying the biology of the injured alveolus.
The heat moisture exchanger (HME) filter is an inline, disposable, hygroscopic, bacteriostatic sponge routinely placed between the patient and the ventilator to minimize loss of heat and moisture from exhaled breath ( Figure 1 ). During mechanical ventilation, moisture from the patient's exhaled breath condenses on this filter until the filter is exchanged after several hours. Various HME filter devices are commercially available, with different filter designs and dead space volumes. HME filters are produced for neonatal and pediatric use as well. There is no universal standard of care for the routine changing of HME filters. Previous research has demonstrated the safety of leaving HME filters in place in the ventilator circuit for 48 hours (9) . However, the American Association for Respiratory Care does recommend changing visibly soiled HME filters (10) . The standard of care for the routine changing of HME filters and practices may vary by institution.
Once the filter is removed, condensed fluid can be collected from the filter and analyzed. Previous studies have demonstrated a potential use for HME filter fluid (HMEF) in the detection of ventilatorassociated pneumonia (11, 12) , but studies of the protein composition of HMEF in ARDS are lacking. Because HMEF captures exhaled airspace contents, we hypothesized that HMEF represents distal airspace fluid in patients with acute pulmonary edema from either ARDS or hydrostatic causes (HYDRO). To test this hypothesis, we compared the protein composition of simultaneously collected undiluted pulmonary EF and HMEF from patients with acute pulmonary edema due to ARDS or hydrostatic causes by using liquid chromatography-coupled tandem mass spectrometry (LC-MS/MS) with confirmatory immunoassays of selected proteins. To test the biological and pathological relevance of HMEF, we measured three analytes that have been reported to be elevated in the airspace when ARDS is present: total protein, MPO (myeloperoxidase), and MMP-9 (matrix metalloproteinase-9). To test the similarity between HMEF and EF, we performed high-resolution LC-MS/MS on concurrent matched HMEF and EF samples and individual protein and cytokine quantification on time-matched HMEF and EF samples. Finally, to explore the utility of HMEF as a platform for discovery, we compared HMEF mass spectroscopy (MS) between ARDS and HYDRO and analyzed differentially expressed proteins in the context of both biological pathways and protein-protein interaction networks.
Methods

Study Design
The Vanderbilt University Medical Center Institutional Review Board approved this
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Heat Moisture Exchanger Filter HME 8 .5h x 4.0w cm 4.0h x 3.0w cm HME Figure 1 . Depiction of a heat moisture exchanger (HME) filter placement inline in the ventilator circuit between the patient and mechanical ventilator. minimal-risk study with a waiver of informed consent because HME filter exchanges are part of routine clinical care and used filters are typically discarded. Subjects were eligible if they were invasively mechanically ventilated and had bilateral radiographic infiltrates consistent with pulmonary edema. Subjects were then designated as having ARDS (13) or hydrostatic (cardiogenic, HYDRO) pulmonary edema or a mixed cause of pulmonary edema (mixed) as defined through a two-physician review (14, 15) . HME filters (AirLife Adult HME filters, CareFusion) were collected after being in position for up to 12 hours. For patients in the adult ICUs at the Vanderbilt University Medical Center, HME filters are replaced every 12 hours or more frequently if they become soiled or saturated. When clinically available, a sample of directly aspirated, undiluted pulmonary EF was collected (16) concurrently with HME filter collection from two patients with ARDS, one patient with HYDRO, and three with mixed pulmonary edema. EF differs from BAL fluid (BALF) in that it is not diluted with saline for collection and is more representative of the contents of the distal airspace. Patient data were prospectively collected from the medical record and included demographics, ARDS risk factor, ventilator settings at the time of HME filter collection, hospital and ICU length of stay, and hospital mortality. Murray's lung injury score (17) and the APACHE II (Acute Physiology and Chronic Health Evaluation II) score (18) were calculated.
At a Glance Commentary
Sample Preparation and Storage
Filters were transported to the laboratory on ice and centrifuged at 2,000 3 g for 10 minutes to collect condensed fluid. HMEF was then aliquoted and stored at 280 8 C for further analysis. Undiluted pulmonary EF was centrifuged at 2,000 3 g for 10 minutes. Supernatants were aliquoted and stored at 280 8 C.
Mass Spectrometry
LC tandem MS/MS. To compare the protein composition of HMEF from eight patients with ARDS with the protein composition of HMEF from three patients with HYDRO, we used LC-MS/MS. We first measured total protein concentration in each sample by bicinchoninic acid (BCA) assay. Then an equal volume of fluid from each sample underwent trichloroacetic acid (TCA) precipitation by the addition of 25% final volume TCA. Pellets were then washed twice with acetone and, after reduction of disulfide bonds using BondBreaker (Pierce) and alkylation with iodoacetamide, subjected to a 2M urea-denaturing trypsin digestion. After digestion, the amount of protein in the pellet was approximated on the basis of the previously measured total protein of the HMEF sample. MS data were collected on the resulting peptide mixture using a 90-minute LC separation coupled directly to a ThermoFisher LTQ tandem mass spectrometer operating in a datadependent mode for selection and acquisition of tandem (MS/MS) spectra. This was performed on equal amounts of protein from the first filter fluid collected from 11 patients (8 ARDS and 3 HYDRO).
Resulting MS/MS spectra were searched against the UniprotKb human reference database using SEQUEST, and the resulting identifications filtered and collated into proteins using Scaffold (Proteome Software).
High-resolution MS. To compare matched EF and HMEF samples from four patients, we used a 3-hour LC gradient coupled to data acquisition on a highresolution QExactive (ThermoFisher) mass spectrometer. These were performed on 1 mg of protein precipitated from both EF and HMEF collected simultaneously from four patients. This both allowed for more experimental depth and opened up the potential to perform intensity-based comparisons at the full-scan MS amount. Spectra were visualized and compared using the BioConductor MSnBase package for R (19) . Proteome-wide label-free quantification was performed using MaxQuant with follow-up data analysis and visualization using Perseus (20) .
Total Protein and Individual Protein Quantification
Total protein, myeloperoxidase, and matrix metalloproteinase-9. All protein quantification was done directly on HMEF without any precipitation or protein extraction. Total protein concentration was measured by BCA assay (Bio-Rad). MPO (Abcam) and MMP-9 (R&D) were measured in duplicate by ELISA in HMEF from 29 patients with ARDS and 5 patients with HYDRO. (TNF)-a) were measured using electrochemiluminescent assays (Meso Scale Diagnostics). These measurements were made in concurrent samples of pulmonary EF and HMEF from six patients (two ARDS, one HYDRO, and three mixed).
Statistical Analysis
Mass spectroscopy. LC-MS/MS spectral counts were compared by Fisher's exact test with a Benjamini-Hochberg correction for multiple comparisons using Scaffold (Proteome Software). A quasi-Poisson linear model was constructed for each detected protein to independently confirm significance.
Individual protein comparisons.
Protein and cytokine concentrations were compared between ARDS and HYDRO by a Mann-Whitney U test using SPSS version 24 (IBM) for Mac.
Pathway and protein interaction analysis. Kegg pathway analysis was performed on significantly elevated proteins in ARDS HMEF (P , 0.05) using the DAVID online bioinformatics resource (21, 22) . The string-db online tool was used to map individual proteins to their interaction networks (23) . The minimum required interaction score was set to 0.9, with interactions determined by text mining, databases, experiments, coexpression, and co-occurrence. The interaction network was visualized using Cytoscape (24) .
Results
Patient and Filter Characteristics
A total of 37 patients were enrolled. Table 1 shows patient characteristics of the 29 patients with ARDS and 5 patients with HYDRO (3 mixed patients were excluded). HMEF had a median volume of 3.0 ml for patients with ARDS and 2.0 ml for patients with HYDRO.
HMEF Protein Composition Is Similar to the Protein Composition of Undiluted Pulmonary EF
To determine whether the protein content of HMEF is similar to that of undiluted EF collected directly from the distal airspaces, we compared pulmonary EF and HMEF collected simultaneously from four patients with pulmonary edema (one ARDS, one HYDRO, and two mixed) in an unbiased analysis. To determine whether the proteome of HMEF was similar to that of EF, we compared the location and intensity of ion base peaks in the spectral To confirm that concentrations of a panel of specific proteins were similar between HMEF and EF in ARDS, we measured total protein and eight biomarkers of lung injury (IL-1b, IL-6, IL-8, MMP-9, MPO, RAGE, SP-D, and TNF-a) in HMEF and EF from six patients (two ARDS, one HYDRO, and three mixed) who had concurrent HMEF and EF samples collected. Concentrations of all nine analytes were similar between the EF and HMEF with a trend toward slightly higher concentrations of each analyte detected in EF ( Figures 4A and 5) . A Bland-Altman comparison was performed between HMEF and EF concentrations for total protein ( Figure 4B ) and for each of the remaining eight individual analytes. Figure E1 agreement between measurements made on HMEF compared with EF. Together, these data demonstrate that, regardless of etiology of pulmonary edema (ARDS, HYDRO, or mixed), HMEF and EF are similar in terms of both overall protein composition and concentration of specific proteins.
ARDS and HYDRO HMEF Have Distinct Protein Profiles
We compared the proteomic profile of HMEF in patients with ARDS and patients with HYDRO using LC-MS/MS. A total of 222 proteins (see Table E1 of the online supplement) were detected in the 11 HMEF samples examined by LC-MS/MS. Twentyone proteins, including MPO and MMP-9, were significantly elevated in ARDS versus HYDRO (P , 0.008) when adjusted for multiple comparisons with a BenjaminiHochberg (false discovery rate) procedure (Table 2 ). Because some proteins are expressed at very low concentrations in HMEF and thus could lead to a false positive result by Fisher's exact test, we used a quasiPoisson generalized linear model for each analyte as a more stringent test (Table 2 ). This analysis confirmed that 12 proteins were differentially expressed in HMEF between ARDS and HYDRO. In addition to the 21 proteins that were higher in ARDS, MS analysis identified 9 proteins that had a lower abundance in ARDS than in HYDRO (see Table E2 of the online supplement).
HMEF Demonstrates Elevated Total Protein and Biomarker Concentrations in ARDS as Compared with Hydrostatic Pulmonary Edema
It has been well described that patients with ARDS have a higher total protein in undiluted pulmonary EF than those with HYDRO (25) . The total protein concentration in HMEF was significantly elevated in ARDS compared with HYDRO ( Figure 6 ). MMP-9 was upregulated in HMEF in patients with ARDS compared with HYDRO ( Figure 7A ). This replicates previous observations of upregulated MMP-9 in BALF and EF in patients with ARDS (26) . In addition, elevated MPO amounts in the lung have been reported in lung tissue from patients with ARDS (27) and in a murine model of influenzainduced ARDS (28) . We found a trend toward an increased MPO in ARDS versus HYDRO ( Figure 7B ). Together, these data suggest that HMEF analysis can replicate findings from BALF analysis of biomarkers underlying ARDS pathogenesis.
Analysis of HMEF May Reveal New Biomarkers in ARDS
Finally, having established that HMEF protein composition is similar to EF, we tested whether further analysis of LC-MS/MS data could reveal new insights into the pathogenesis of ARDS. Kegg pathway analysis of enriched proteins in ARDS compared with HYDRO revealed 10 significantly enriched pathways (see Figure  E2 of the online supplement). These enriched pathways provide an assessment of protein pathways that are altered in the airspace during ARDS and may provide insight into the etiology and progression of the disease. Mapping individual proteins elevated in ARDS HMEF (P , 0.05 by Fisher's exact test) to their protein-protein interaction networks revealed multiple notable interactions between detected proteins even when the minimum required interaction score was set to .0.9 ( Figure 8 ). This analysis identified a clustering of cytoskeletal components as well as proteins involved in carbohydrate metabolism. These processes shared a mutual interaction with MMP-9, a protein proposed to play a pathogenic role in ARDS (27) .
Discussion
The major finding from this study is that fluid collected from HME filters from mechanically ventilated patients with acute pulmonary edema due to ARDS or hydrostatic pulmonary edema accurately reflects distal airspace fluid. There was a strong correlation between both the proteomic profile as well as individual biomarker quantification of HMEF and undiluted pulmonary EF collected simultaneously from individual patients. This strong correlation was present regardless of the etiology of pulmonary edema. The proteome from HMEF from mechanically ventilated patients with ARDS was distinct from the proteome of patients with HYDRO. These findings help to establish HMEF as a noninvasive alternative to direct aspiration of pulmonary EF or BAL for sampling the distal airspace in ARDS.
Use of HMEF as a research tool overcomes many of the previous challenges to studying the distal airspace. In particular, HMEF collection is inexpensive, is noninvasive, is readily available, and can be collected serially over time. There are multiple potential applications for HMEF analysis. First, HMEF may be used to discover important, novel biologic mechanisms of lung injury. The proteomic analysis supports HMEF as a matrix for identification of potentially important biologic proteins and pathways. In addition, it is possible that nonprotein biomarkers such as DNA, RNA, lipids, carbohydrates, or other mediators are present in HMEF, although these were not specifically measured in our study. Second, HMEF may be useful in further defining and characterizing distinct ARDS endotypes that may have different underlying pathogenesis and different responses to therapies (29) . For example, comparison of proteomic profiles between the eight patients with ARDS found that 15 proteins were upregulated in at least three patients with ARDS (see Table E3 of the online supplement). Detailed study of the protein composition of HMEF in a larger cohort may help to identify distinct phenotypes of ARDS based on biomarkers present in the airspace rather than in the plasma. As such, HMEF analysis could classify molecular phenotypes of ARDS (29) on a patient-topatient basis, allowing for personalized care and targeted treatments as they become available. Third, serial HMEF analysis may help to define the natural history of ARDS by providing a window into the airspace during acute injury, progression, resolution, and repair. Finally, HMEF analysis could be an important adjunct to clinical trials by providing a way to test biologic effects of therapies in subjects enrolled in clinical trials. Another potential application of HMEF is in the identification of lung pathogens in mechanically ventilated patients. Previous work has shown utility for HMEF in the detection of pulmonary microbial pathogens, with a significant correlation between pathogens identified by standard microbiological sampling using BALF compared with those identified in HMEF in a cohort of 14 mechanically ventilated adults from a surgical ICU (11). May and colleagues reported that bacterial DNA was detectable in HMEF in 48 mechanically ventilated adult patients undergoing diagnostic bronchoscopy for suspected ventilator-acquired pneumonia. They demonstrated that bacterial DNA in HMEF was highly concordant with bacterial DNA in matched BALF (concordance .95% by K-statistic) as well as with results of traditional microbiologic culture techniques confirming concordance of identified pathogens between HMEF and more traditional methods (12) . These studies demonstrate that HMEF has high sensitivity and specificity for noninvasive identification of pulmonary pathogens implicated in ventilator-associated pneumonia and that HMEF may potentially replace BALF for the purpose of pathogen detection. The current study extends these published studies of HMEF in pneumonia diagnosis to protein analysis, which can likewise be done in a high-throughput, noninvasive manner.
Kegg Pathway analysis of proteins upregulated in HMEF from patients with ARDS versus HYDRO reveals a proteome with elevated proteins of coagulation, complement activation, actin rearrangement, and cell migration ( Figure  E2 ), demonstrating the usefulness of HMEF for mechanistic discovery in mechanically ventilated patients with ARDS. There were nine significantly downregulated proteins in ARDS, which showed no notable Kegg Pathway enrichments. Mapping upregulated proteins to known protein-protein interaction networks (Figure 8) showed clustering of proteins involved in carbohydrate metabolism as well as cytoskeletal/actin rearrangement. Bhargava and colleagues reported an association of proteins involved in pathways of coagulation, carbohydrate metabolism, complement activation, cell migration, and actin organization in BALF with outcomes of patients with ARDS (30); each of these findings was confirmed in our analysis of HMEF from patients with ARDS. Two of the most significantly elevated proteins in HMEF in ARDS were S100A8 and S100A9, two proteins known to be elevated in the BALF of patients with ARDS (31, 32) . In addition to showing elevation of several proteins already associated with ARDS, our studies identified several novel proteins upregulated in the airspace during ARDS, including myosin-9, glucose 6 phosphate isomerase, and filamin A. Taken together, these findings suggest that HMEF shows great promise as a tool to study the pathophysiology of ARDS and potentially other pulmonary diseases. This study has several strengths, including the unbiased nature of the MS analysis, the direct comparison of HMEF to simultaneously collected pulmonary EF as the gold standard of distal airway sampling, and the replication of previously published findings in ARDS. There are also some limitations to this study. First, the HME filters analyzed were in place for variable lengths of time because they were collected as part of routine clinical care. Variability in the duration of HME filter placement could impact analyte concentration. In HME filters with well-defined ventilator dwell times, there was statistically significant correlation between filter dwell time and the amount of fluid collected from the filter ( Figure E3 ). Despite this, there remained a tight correlation between protein concentrations in EF and HMEF from the same patient with filter dwell times ranging from 1 hour to 12 hours, suggesting that the duration of HME filter placement has only a minor impact on the proteins detected. It is important to note, however, that the effect of dynamic changes in analyte concentrations was not specifically studied. Future studies on samples obtained after set intervals of dwell time along the trajectory of the disease course will be necessary to understand temporal changes in analytes.
Second, this pilot study has a relatively small sample size. Aspiration of undiluted EF is only possible in the minority of mechanically ventilated patients, thereby limiting the ability to directly compare concurrent EF and HMEF in a larger number of patients. In addition, increased use of noninvasive ventilation for hydrostatic pulmonary edema in the clinical setting limits the opportunity to collect HME filters from these patients. Although we were able to detect protein concentrations down to the pg/ml range, it is possible that HMEF is not ideal for analysis of low-abundance proteins. Future studies will test the lower limits of protein or other biomarker analysis in HMEF. Finally, our study only enrolled subjects with pulmonary edema; whether HMEF analysis is useful in other mechanically ventilated patients remains unknown.
Conclusions
In summary, HMEF is a readily available and novel method for serial, noninvasive sampling of fluid from the distal airspace of mechanically ventilated patients with pulmonary edema. The proteins in HMEF are strikingly similar to those in pulmonary EF collected directly from the distal airspace. Closer examination of elevated proteins within HMEF not only supports previous findings from studies in BALF and EF, but also may identify previously undiscovered mediators of ARDS. Because HMEF collection is a noninvasive, inexpensive, and simple method for sampling the distal airspace in mechanically ventilated patients with pulmonary edema, it could revolutionize our understanding of the pathogenesis of clinical ARDS. n Author disclosures are available with the text of this article at www.atsjournals.org.
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The authors thank the Department of Respiratory Care at the Vanderbilt University Medical Center for assistance with HME filter collection. Figure 7 . MMP-9 (matrix metalloproteinase-9) and MPO (myeloperoxidase) quantification. Protein quantification of (A) MMP-9 and (B) MPO in heat moisture exchanger filter fluid from 29 patients with acute respiratory distress syndrome (ARDS) and 5 patients with hydrostatic pulmonary edema (HYDRO). *P = 0.022; MPO, P = 0.179. Box-and-whisker plots show median (line), interquartile range (IQR) (box ends), and 1.5 3 IQR (whiskers).
